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A 2,598-bast-pair (bp) SaJl-HbtcU DNA fragment has been cloned whkfa codes for vanillate demethylase, the 
enzyme responsible for the demethylauoo of vaniUate (^raetho^-4-hydraybett204tt) to pi-oioeatechuaie 
OAdihydroxybeitzoffte). Complementation and Insertlonal Inactivalion experiments hove shown that this 
fragment carries two genes {vanA and vanB) which are predominantly cotamscribed from a promoter 
upstream of vonA* Nucleotide sequencing of the 5o/I-/rujcII fragment confirmed the genetic data* two open 
reading frames of 987 and 942 bp were present In the transcribed orientation. These had a very nigh G+C 
content in the third base of each codon p which is characteristic of Pseudomonas chromosomal gene?- Expression 
of the genes in Escherichia coli with the T7 RNA polymctascpromoter system gave rise to two polypeptides of 
36 and 35 kOodallons which could be Identified by deletion analysis as the products of vanA and vanB f 
respectively. A search of the protein sequence data bank indicated that the vanB gene product was related to 
the ferredozin family- 


Strains of Pseudomonas spp. can be quite readily isolated 
that are capable of degrading aromatic hydrocarbons despite 
the intrinsic stability of these compounds. With rare excep* 
tions, they do not open the benzene ring unless two hydroxy! 
groups have been introduced in cis into the benzene nucleus 
(3). Thus, the reactions which prepare the ring for fission 
tend to be specialized. For example, dealkylation of phenolic 
ethers is effected by monooxygenascs. In these two- or 
three-component enzyme systems, (he electron flow from 
NADH to the oxygenase is mediated via short electron 
transport chains (8). The oxygenases themselves fall into 
two groups: iron sulfur proteins, as in 4~methoxy-benzoaie 
demethylase (2), and cytochrome F450-like enzymes, as in 
the demethylation of guiaicol (S>) and isovanillate (6). It has 
also been proposed that two proteins may be involved in the 
demethylation of vanillate (3-methoxy-4-hydroxybenzoate) 
to protocatechuate (3,4-dihydroxybenzoate) (fig. 1). Vet 
purification of the relevant enzyme components has not been 
successful (5, 24), and their properties and mode of action 
remain to be characterized. 

VaniUate is a key intermediate in the biodegradation of 
lignin. In chlorinated form, it constitutes one of the major 
waste products of the paper and pulp industry. To gain 
further knowledge on the proteins involved in vanillate 
demethylation, we have cloned the corresponding genes 
from a Pseudomonas sp. This paper describes their isolation 
and characterization by complementation tests, insertion*! 
inactivalion. nucleotide sequencing, and expression in Esch- 
erichia coli* 

MATERIALS AND METHODS 

Bacterial strains and plasmids* E. coil S17-1 (pro fudR 
hsdM") contains a modified chromosomally integrated RP4 
plasraid which retains its ability to mobilize RSFlOlO-based 
vectors, such as pJRD2l5, to other hosts (26). Pseudomonas 
sp. strain ATCC 19151 was isolated for its ability to utilize 
sodium dodecyl sulfate (SDS) as a carbon source (15). It is 


Corresponding author. 


also able to utilize ferulate and vanillate as sole carbon 
sources. Flasmid vectors OJRD203 and pJRD215 have been 
described previously (10, 11)- Vector pJRD205 is an im* 
proved version oF pJRD204 (10) containing the Sail-Xhol 
segment of restriction site bank vector pJKD158 (11) inserted 
into the Sail site Of pJRD203. Intcrposon pHP45n was used 
lo interrupt gene activity and transcription on the cloned 
DNA (22). 

Media and growth conditions. All E* coli and Pseudomonas 
strains were routinely grown in L broth or on M9 minimal 
medium at 37°C. When SDS, vanillate, or other phenolic 
compounds were used as a carbon source, they were added 
to the growth medium at a final concentration of 0.2%. 
Kanamycin and streptomycin were added to the selective 
medium at final concentrations of 300 u<gftnl and 1 nig/ml, 
respectively, for the Pseudomonas sp- 

Enzymes and reagents i All restriction enzymes, T4 DNA 
ligasc, T4 DNA polymerase, and E. coli Klenow fragment 
were obtained from Boehringer Mannheim or New England 
BioLabs and used according to the manufacturer's instruc- 
tions. The DNA packaging kit and [ ,a P]dATP (specific 
activity, >3,000 Ci/mol) were purchased from Amersham 
Ltd. Phenolic compounds were obtained from Janssen Phar- 
maceutical hydrazine wa& from Kodak, piperidine was from 
Merck, diethylpyrocarbonate was from Sigma, and dimethyl 
sulfate was from Aldrich Chemical. 

Nitrosoguanidine and mutagenesis. The nitrosoguanidine 
mutagenesis of ATCC 19151 was performed as described by 
Miller (19). The final concentration of nitrosoguanidine was 
200 u-g/ml. The mutants were screened for loss of the ability 
to use vanillate as a carbon source while retaining the ability 
to grow on protocatechuate. 

Cloning and nucleotide sequencing. All of the recombinant 
DNA methods used to construct the plasmids or to study the 
cloned fragments have been described previously (10, 11). 
The shotgun cloning of the genes involved in vanillate 
catabolism proceeded in two steps. DNA fragments from an 
Mbol partial restriction digest of ATCC 19151 chromosomal 
DNA were subjected to sucrose gradient (10 to 30%) cen- 
trifugation. Fragments of about 30 kilobases (kb) were 
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FIG. l. Oxidative demethylaifon of vanillate by a Pseudomonai sp. (z3). the product of the reaction is probably the hemiacetal shown, 
which spontaneously decomposes in formaldehyde and prDtocaiechwUc (B). 


recovered and ligated to itamHt-digested pJRD2Q3 DNA 
which had been dephosphorylatcd in order to avoid reform- 
ing par&ntaj molecules (17). The gene bank thus constructed 
was introduced into E. coli 517-1 by X DNA packaging, 
selecting for the Km* marker carried by the plasmid. Indi- 
vidual E. coli tr&nsfonnants in microtiter wells were conju- 
gated to a Pseudomonas van mutant by using a mnitiprong 
replicating tool. The exconjugants were then screened on M9 
minimal medium plates containing van mate as the carbon 
source and kanaoiycin, on which neither parent is able to 
grow. Colonies growing on these selective plates are com- 
plemented by the recombinant cosmids. 

Nucleotide sequencing was performed by the method of 
Maxam and Gilbert (18), and sequences were analyzed with 
the Beckman Microgenie sequence analysis program. Pro- 
tein homology searches against the National Biomedical 
Research Foundation Protein Identification Resource were 
performed by P. Terpstra (University of Groningen, Gro- 
ningen, The Netherlands) by using the FASTP program 
designed by W. R. Pearson and D. J. Ljpman. 

CompfrmpntJitton tests. A Q.l-fnl amount of an overnight 
culture of each Pieadomonas van mutant was spread onto a 
fresh L plate together with 0.1 ml of the £. coli S17-1 
derivative containing the pJRD215 recombinant plasmid to 
be tested. After 6 h, the mixture of bacteria was scraped off 
the plate surface and washed twice in MS minimal salts. The 
bacterial suspension was then plated on M9 minimal medium 
plates supplemented with kanamycin and vauiUate (0.2%) or 
SDS (0.2%) as a carbon source. The complementation fre- 
quency was expressed as the ratio of the number of colonies 
capable of growing on this medium to the total number of 
Pseudotnana* exconjugants (i.e., colonies capable of grow- 
ing on SDS -kanamycin). 

Gene expression In fi. coli. Expression of Pseudcmonas 
genes in E, coli was achieved by using the T7 polymerase- 
promoter system of Tabor and Richardson (27). This method 
uses two compatible plasmids: pGPl-2, which expresses the 
T7 RNA polymerase after temperature insctivatkm of the 
phage k repressor, and pT7-5, which contains the 17 $10 
promoter and a polylinker which facilitates insertion of 
foreign DNA fragments. The ("SJmethioaine-labeled poly- 
peptides obtained were separated by electrophoresis on a 
10% polyacrylamide gel containing 0.1% SDS for 3 h at 300 
V. 

RESULTS 

Isolation of Pseudomonas sp» strain ATCC 19151 mutants 
altered in the vauiUate demethylaftat) pathway. The first step 
in the degradation of vanillate by Pseudomonas most prob- 
ably involves the demethylation of this compound to proto- 
catechuate (1, 16, 23) (Fig. 1). Thus, mutants defective in the 
vanillate dcmethylase reaction should be unable to use 
vanillate as a carbon source while retaining the ability to use 
protocatcehuate. Six mutants of this type were retained for 


study following nitrosoguanklme mutagenesis. Each of them 
had a reversion frequency (RP) of less than 2 x 10" 5 . The 
vanBS derivative (RP = 10"*) was used as a host strain for 
the initial screening of recombinant DNA carrying the gefles 
involved in vanillate demethylation. 

Cloning of the genes involved in vanflKate demethylaHoii. A 
genomic library of Pseudomonas sp. strain ATCC 19151 
DNA was constructed by inserting 30-kb Mbol fragments of 
the chromosomal DNA into the BamHl site of plasmid 
pJRD203 (10). The recombinant DNA molecules were recov- 
ered in E. coli S17-1 by DNA packaging in particles and 
then transferred by conjugation to the vanB5 mutant. Three 
exconjugants were found to be capable of growing on 
vacillate as a carbon source. The cosmid DNAs extracted 
from them were all of much higher molecular weight than the 
pJRD203 parent. When re transformed Into $17-1 and again 
conjugated to the vanRS mutant, they could still complement 
the mutant for growth on vanillate. However, the percentage 
of individual S17-1 transformants capable of transferring the 
van* genes to the vanBS mutant varied between 60 and 
100%. The S17-1 transformants which had lost the property 
of conjugating these markers were shown to contain cosmid 
DNAs of lower molecular weight than the initial cosmid 
DNAs. Thus, it is likely that the large size of the recombi- 
nant DNA molecules makes them unstable in E. coli S17-1 
and that, in some cases, the deletions remove the genes 
involved in vanillate c&tabolism, 

Sabdoningof the gears involved in vanfllnte demethylatkm. 
To improve stability and facilitate genetic analysis, the 
vrni-complementing region was subcloned on a 4.7-kb Sail- 
Asm fragment (rig. 2A) into plasmid pJRD205 (10). When 
this newly formed recombinant cosmid was conjured to 
the six independent van mutants, it was found to be capable 
of complementing all of them for growth on vanujate. 
Therefore, the genetic information necessary for the catab- 
olism of vanfllate is within the 4.7-kb Pseudomonas DNA 
insert. 

Ceoetic analysis of the 4.7-kb DNA fragment. In order to 
correlate the physical and genetic maps of the 4.7-kb frag- 
ment, deletion derivatives were constructed and the comple- 
menting properties of the corresponding regions were inves- 
tigated. Hie results obtained indicate that the mutants were 
distributed into two complementation groups, vanA and 
vanB (Fig. 2Q. The vanA group was complemented by 
clones containing the Satt-PvuU fragment, and the vanB 
group was complemented by those containing the BglU- 
Hirtell fragment (Fig. 2A). 

The complementation pattern of the vanB group with 
subclones lacking the Safl-Bgftl region was peculiar, as it 
was delayed (±4 days instead of 2 days) and had a different 
phenotype from the positive control. This suggests that the 
deletion removed the normal van promoter but not the vanB 
structural gene and that vanB complementation is due " to 
reduced vanB transcription from a secondary promoter. In 
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FIG. 2. Restriction map and Sequencing Strategy for the Sal\-Hinc\\ fragment containing the vqnA and vanB genes. (A) Simplified 
restriction map of the 4.7-kb SaiUAsult fragment carrying ihe vanAB genes. The sites shown are those used for subcJoning and deletion 
analysis. The double line Indicates cloned P^udomonai DNA, and the single line shows plasmtd DNA. (B) Restriction sites nsed for 
sequence determination arc shown as vertical lines. Horizontal arrows' indicate the extent and direction of sequencing. Abbreviations Tor 
restriction sites: Sa, Soil] Ba, ftunHl; Na, Atorl; Nc, Neil; Av, Aval; fls, Arr£II; fig, Bgfll; Ah. Ahal\ Pv, PvulU Bm, tfrpMl; Ea, Eagl; 
Av, Avail; Tt, 7M111I; He, HinclU Ap. Apal. (Q Positions of the vunA and vanB genes relative to the physical map of the Satl-ftincU 
fragment. 


agreement with this was the observation that the BamHl- 
BamHl (Fig. 2A) subclone showed the same phenotypc 
irrespective of orientation. 

The direction of transcription within 5all-A$ui\ (Fig. 2A) 
was determined by in vitro insertional mutagenesis with the 
2-kb n DNA segment from pHP45ft (22) (lo perform this 
experiment, a variant of pJRD205 carrying a deletion of the 
vector SfnV gene was used). This DNA carries an Sm r gene 
flanked in both orientations by transcription and translation 
stop signals. When inserted in a coding region, it terminates 
RNA and protein 'synthesis prematurely and thus permits 
characterization of the functional units. The presence of Cl in 
the plasraid-borne Sail or Bgttl site (Fig. 2A) did not affect 
complementation, indicating that van region expression de- 
pends on a promoter situated within the cloned fragment. 
Insertion of Cl at the BglR site in the insert eliminated 
complementation of both vanA and vanB mutants. In con- 
trast, insertion at the Apal site eliminated complementation 
only for vanB mutants (Fig. 2A). These results show that the 
cloned DNA contained the promoter necessary for the 
expression of the van genes. BgflJ is situated within gene A, 
and Apil is within gene B. Transcription proceeds from Sail 
towards HincU and is polycistronic, since both vanA and 
vanB mutant complementation was affected by the presence 
of Cl at theBgM site. 

Sequencing of the genes for vanillal* hiodrgra rtot inn. The 
nucleotide- sequence between the Sail and Hindi restriction 
sites was determined by using the strategy indicated in Fig, 
2B. When possible, both strands were sequenced. Other- 
wise, at least two different strategies were used on one 
strand. As with most P&eudomonas chromosomal DNA, the 
sequence of the van region was very G+C rich (69.9%). 
Computer analysis of the nucleotide sequence (Fig. 3) 
showed two open reading frames in the transcribed orienta- 
tion (as determined in the previous and following sections). 


The first (ORFl) extended from coordinates 259 (ATG) to 
1246 (TGA) and had a coding capacity of 329 amino acids. It 
should be noted that there was a second ATG codon at 
coordinate 277 (in the same phase). The use of this second 
ATG. instead of the first, would give a coding capacity of 323 
ammo acids. The second open reading frame (ORF2), in the 
transcribed direction* immediately followed ORFl with an 
ATG at position 1248 (overlapping the TGA of ORFl) and a 
TAG stop at position 2190 T to give a coding capacity or 314 
amino acids. Overlapping or closely adjacent TGA and ATG 
codons arc frequently observed for neighboring cistrons on a 
polycistronic mRNA (20, 25). Computer analysis (Table 1) 
showed a very high G+C content in the third base in these 
open reading frames (ORFl, 909&; ORF2, 92%). This high 
G+C content is characteristic of bona fide Pseudomonas 
coding sequences (4). Thus, it is most likely that ORFl and 
ORF2 are used by the bacterium as genetic information for 
protein synthesis. This interpretation is supported by the 
finding that there were sequences resembling ribosome- 
blndlng sites upstream of the putative ATG initiator codons 
(GGG AGGCAAG situated 4 base pairs (bp] from the ATG in 
position 1243, GACGGCAAG at 11 bp from ATG 259, and 
GCAACGAA at 4 bp from ATG 277). Both E. coli and P. 
aeruginosa 16S rRNAs have similar 3' termini (13), and it is 
assumed here that Pseudomonas sp. strain ATCC 19151 is 
not greatly different. Table X shows the codon usage for the 
vanA and vanB genes. They were remarkable for the scarce 
utilization of codons containing only A and T or having these 
as the third base. 

Open reading frames are common in G+C-rich DNA, and 
inspection of the non transcribed strand showed two open 
reading frames, from base 1655 to 914 and from base 869 to 
119, which could encode proteins of reasonable sizes. In 
contrast with ORFl and ORF2, these two reading frames did 
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It JQ 40 50 hO TO AO 90 100 110 J'iO 

OOAtCCAATT TeAHlA«DC CCGTACTCTA CCCACCCGOC CACCL*CCCTC CL'ACOOCmC UACGCaCCCC TTCCTTC1CT UGCLJILU. TCATCCCACG GTTaTTCCaT CCAATCAQCC 

139 140 150 160 170 IU0 1*1 2DD 210 2 20 ilX 240 

CTAAATCA10 OATTCTACCC GCCCCAAGCC W ACCATTCfi ATCCAATACA ACAACAACCA CCJOTICTCC ATGTTCCCGA AGAATCCCTC GTACcTCCCC TCCACCCCOO ATGAAATCGA 

2*0 250 2W* 318 MB 

CtEEAAOCCC TT GC OCOC ATC ATC ICC UC GAA CCC AT5 CTC ATC TAC COO 00(7 QCC GUC CAA COT CTC Ccr CCC CTC CAC CaC TTC TDC CCT CAT CK OCT 0*0 CCC 
Net tic Cn A»n Clu An JfcL Vul lie Tyr Am Cly Al» Ctr Gin A«- 4 V.I Alb A In Leu aU Aip Hk Cya Prs» Hip Arg ClP Ala fro 

378 408 439 

CtC TCC CTT CCA ICC ATT CAC GAC OGC CTO CTO TOC OOC T*C CAC GCC CTC CTC ATC GAC TCC CAC OX CCT ACCCCCtCCATCGXTCCCCACCOSCTCCAC 
Leu 3cr U» Cly &er lie Gin Alp E|y Lya Uu Val Cyi Cly Trr His Cly Lmj Fa J Nat Asp cya up Cly Arg Thr Ala Sot Met Pro Alt GlP Arg Tal Ola 

4fia 4% 5» 

CCCTTTcccTiBAicGGeceoTTeoccOT 

Ala Par *Tv Cra llv Anr A|e Phe- Pro Ala Ola Clu Arf SU Cly fte II* Trr *»1 Trp Pro oly Aap Ala Al» Lru Al* A»p Pra Ala Leu lie Pro Mia Lea 

saa Bifl ms 

nm *rn ftpg CAC AAg CCC QCC TOO QCC TAC CCT GCC GCC CTC TAC CAC ATC QCC TOE GAC TAC 060 CTC ATC ATC GAC AAC CTC ATC CAC CTC ACC CAC GAC ACC 
Clu Trp Ala Clu Aan Pro. Ala Trp Aln T>r Cly Oly Qly Leu Trr Hid lie Ala Cya Any Tyr Ar| Uu *>l II* A#p A*» Leu Mat Aap Leu Thr Hi* Cla m 

£76 TD« T3B 766 

TAC CTC CAC CCC ICC ACC ATC OK CAO AAG CAA ATC CAC CAC CCC CCC OTO tCC ACC CCC CTC OAA COC CAC ACC CTC ATC ACC COC CDC TTC ATC QAA CCC ATC 
Trr Val Via Ala Ser Ser Ho dp Cln Lya Clu lU Aap Olu Ala Pro val Ser Thr Arg Val Clu Cly Aap Arc Lou He Thr dly Arg Phe Mel GW Oly lit 

T» 628 BM 

iriairocMCCCmTMCCCCceacccTamm 

Leu Al« FY* Pro P>* Trp Arg Ala Ala Lem Arf Cly A*A ClV Uu Ala Aap Aap Val Pro Val Aap Artf Trp Cln Tl* Cya Arg Pni Thr Pro Pro ser Ilia «tl 

B8U M9 Mfl 976 

CTC AlC CAA CTC COC CTC OEC CAC ODC ODC CCA 006 OQC TAC CAC CCC CCC CCC OAC TCC AAD CCD ACC ACC ATC CTC CTC C4C TIC ATC ACC CCC CAD ACC CAC 
Lni II* Clu Val Oly ral Ala Niw A I* CI, Arg Cly Cly Tyr Aap Ala Pro Ala Aap Cyi l.ya Ala Svr W M- Val Val Aap.Phe He Tbx Pro Cla Thr A»p 

1008 1036 1066 

ACC ICC AfC TOO TAC TTC TOC CCC ATC CCC COC ACC TTC CDC CCC <3a6 OAC AAC GAC CTC ACC OCA COC ATC CDC OAC ooc CAC OfiC AOS ATC TTC OCC GA6 BAT 
thr Ser lie Trp Tyr PlM Trp Cly Hat A La Arg Ser Ffar Arg Pro Clu Aap Aan CU 1*1 Thr Ala. Arg Ha Arg alu Qly Gin Cly Thr Uv Pbv At A CI- Aap 

IMA lt?B USA HBB 

CTQ CAC ATG CTC QAA CAO 6AG CAC CCC AAC CTC CTC CCC TOC CCC CAC COC CCC CTO CTC AAG CtC AAC ATC CMC CCC CCC CCC CTC CAC TCC CCC GDC ATC ATC 
Leu Clu Hat Leu Clu Cln Clo Cln *** Am Lm L*» AIa Trp Pro Clu Arg Ito Leu Leu Lye Leu Aan lie tap Al* Cly Cly Val Ola Ser Arg Arg lie llr 

1218 1249 1Z77 

CAO COC CTA CTC AGC CCC CAA COC OCC OCC GAC CCC CAC CtC ATC CCD ACC CAA CCC HUM CTC CaC CTC ATG ATC CCT COC CTC CCC CTC CAO CCD CCD GfiC 
GLu artf Leu Val S*r Ala GlU Arg Alt Al« Qlw AU C|b Leu lie Oly Arg Cln Ala *M 

Pel Lmi Aap Lmi Hfe-L He Arg Oly Leu Arg Lea Clu Alu Pro Cly 

1307 133T 13B? 1397 

ATC CTC OOC CtC CM) CTO CTO CCC ACC CAC CCT TCC CCC CTC CCC ACC TTC CAC CCC CCC CCC CAC CTC CAC CTC CAO CTC CCC CCC OGC CTC CTC COC CCC TAC 
llv Leu Cly U» OU V»l Ala TAX Aap Q|y fier Pra Leu Pro thr Phe Olu Ala Cly Aln Hie Leu Aap Leu Him Leu Pro Cly Cly Uu ¥ *1 Arf Pra tyr 

1427 1447 llfTT 

AKCTCTKAACracCCCCCGAC 

ser Leu Cya Aan Ala Pro Qly olu thr Hta Arg Tyr Cya Leu Ala ral Leu Lm Aap Pro Aln Ser Arg Cly Cly Smr Arg Ala Val tfla Clu Cln L*u Arg Val 

1417 1547 IfltT 1607 

GOCCAlsCACCtGACCAJXACCQCACCCCIJCAACC^ 

CJy Gin Hie Leu Tlr Thr Ser Ala Pro Arg Aan Leu Phe Pro Leu Val Ala Olu Ser Sftr Arg W Lmi U-m I1u> Aln Cly Cly lie Cly lie Thr Pro He Leu 

4637 lt»T 1G97 

CCC ATC CCC CMC CTC CTC CCC CCC CCC OOC OAC ACA TTC OAC CTO CAT TAC TCC CTC CCC TCC CCC ACC CTT CCC GCC TTC ATC OAC ICQ CTO nm nrw v*n 
Ala mi AIA Ctn V*| Uu Alu Ala Arg Cly Aap Thr Phe Glu Leu Kla Tyr Cya Val Arg S*r Arf Arg Uu Ala AU Phe lie Aap Trp Lea Olu Alu Ser Thr 

1727 ITST [7b7 1BJ7 

TTC CCC QCC CAC CTC CAC CTC CAC CCC GAC CAC GOC CCC AGO CCC TTC CaC CCC ACC CCC CTO CTO CCC GAC OGC ODC OAC OCC CAC CTC TAC CTC TCC COS CCC 
Pae Ala Ala Bla Val Ola Uu Him *\m Avp Aap Gly Pro Thr Pro Pne Aap Ala Thr Ala l+m Uu Arg Aap aId Cly Aap Aln Sim Leu Tyr Vol Cya Cly Pra 

18*7 IB77 1307 

CCC OOC TTC ATC GAC CAC CTO CTO CCC TCT CCC CCC ACC GCC OGC TOG flAC QAA ACS COC CTC CAC CCC CAA TAC TTC CCC CCC CCC GtQ CAA CCC CCC CCC CAC 
Cly Cly Ph. Met ciM Ilia V*l Leu Cly Cy» Ala Arg Thr Ala Cly Trp Aap Clu Thr ftrg Leu Hia arg Ola Tyr Fft* Ala AU Pro Val Cln Pro Aln Gly Aap 

ISTt rUC7 1997 ZDZt 

CCD COC OCC TTC CAC CCT CCC CTC CCC CCC AGC GDC CTC ACC TTC CAC CTC CCC CCC CAC COC ACC GTG GCC CAO OTC CTC CAC CAC CCC CCC CTC TCC ATC CCG 
Ala Arg Ala Pbe Clu Dly Arg Leu AU Ar« S*r Cly Uu Thr Uu Cln Val Pra Ala. Cla Arg W V«l Alu Gin V>] Leu Aap Aap AU C1 T Val Cya lie Pro 

2057 S0S7 2U7 

CTCCCCTQCCAACACO»ATCtCCCCCACCTCCC 

Lau AU Cya GlU Cln Cly He Cya Gly Tin- Cya Uit Thr Ar| V«| Uu Aap Cly Olu Pro Clu Hit Arg Aap Ser Phe Uu Thr Aap Ala CU Arg Aln Arg Aan 

214T 2177 2202 2212 2222 32.11 ZZ4Z 

^^^^^^^^^^<^^^TIXCruOtQCTQGACr[CTmQ CaCCaCCAAC CtnoCDOCTT Cg JCC C TUJ C C OCCTTACTTA CCGGCCGACA 
Aap Cla Phe Thr Pro Cra Cya Ser An Aln Arg S*r Al- Cyp Uu V n 1 Uu Aap Uu *** 

2252 2262 2272 2283 2292 2302 2312 2322 2»Z 2>|2 3352 £3sz 

GCCCCCASTC OATDACCMG lCCCCCCCGfl TGaTGGACCQ OTBXAfaTGPr TCCCACACCA ACTODCACAC CTCCCCCACT Tr C TCCGC C T GCATOAAOCO UiLiL 'T Li TT CU ^ T? W? i T 

MT* 2»ga 2392 »02 3412 2422 <43Z 2442 24B2 Z4ES> Z4TZ 2482 

ACTiaiCCAC CACCTCOCDC TACTACCCCT CeCCflCGCO CtTgCCOTAO COCTCOCCCT CCAACCTCAC f JU r tUAAAAJ TCCATCTCCC CCCCCCaCAC CCCDnAOCA CCCCCCCCCT 

ZA g 2M2 2512 2522 2&n 2542 25S2 2SE3 »T2 2002 2B2Z 

CCCCCaSAfi OTTCAO0GCC ACCCTCTTCC T C AC f AC TCC CACCCCACCC TTOCIUULli; ACTACflCCCC CCCfiTTACCC n Ui C U I liUt: CCCflCUCATC CCTCOaCATC TTOGCA 

FIG. 3. Nnclcotide sequence of the Satl-Hbtdl fragment cocicaining the vanA and vanB genes. The ORF1 and 0Rf2 open reading frames, 
cotrcapondiiig to vanA and vanB, respectively, have been translBted into their predicted amino acid sequences. Only the 5'-3 f (sense) DNA 
strand is shown. 
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TABLE 1- Distribution of codons in Ihc vanA and vanB genes 
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not have a high G-hC content in the third base or the codon 
and are probably not used to code proteins. 

Expression of the vanJllate blodegjradatiTe geses in E. coli. 
In order to characterize the polypeptide products of the 
vanA and vanB genes, expression in E. coli maxicells was 
attempted- No expression was seen, possibly because Pseu- 
domanas promoters are generally not recognized by £. coli 
RNA polymerase. To avoid this problem and to specifically 
label the cloned Pstudomonas gene products, use was made 
of the 17 polymerase promoter expression system in £. cott 
(27). In this system, 17 polymerase is expressed from the X. 
p L promoter under the control of the temperature-sensitive 
repressor cI857. When induced, the 17 polymerase specifi- 
cally initiates transcription of genes cloned downstream of 
the T7 4>10 promoter on a second compatible plasm id. These 
genes arc the only ones to be transcribed when rifampin Is 
added to block E. coli RNA polymerase (T7 RNA polymer- 
ase being insensitive to rifampin), and their products are 
easily identified on an SDS-pOlyaerylamide gel following 
labeling with [^Slmethionine. 

Figure 4 shows that when the SaH-HwdJ fragment was 
cloned and expressed by using the T7 RNA polymerase 
system, two polypeptides were made. Their sizes were in 
reasonable agreement with those deduced from the nucleo- 
tide sequences. The vanA and vanB gene products estimated 
by gel electrophoresis were 37.5 and 33 kilodaltons (kDa), 
respectively (Fig. 4, lanes 3 and 4) r compared with 36.5 and 
33.7 kDa estimated from the nucleotide sequence. The use of 
appropriate deletion derivatives permitted unambiguous 
identification of the coding regions for the two polypeptides. 
Thus, the SaH-BgUl fragment which lacks ORP2 and part of 
ORFl did not make the vanB polypeptide and synthesized a 
truncated vanA polypeptide (Fig. 4„ lane 5). Loss of the 
ORF1 5' end In the BglU-Asull fragment only permitted 
vanB polypeptide synthesis (Fig. 4, lane 6). No polypeptides 
were synthesized from the reverse strand (Fig. 4, lane 7). 
The difference in intensity of the two polypeptides is almost 
certainly a reflection of their different methionine content; 
the vanA gene product had nine methionine residues, and the 
vanB gene product only had four. 


DISCUSSION 

In this paper, the cloning and sequencing of two genes 
involved in the demethylaiion of a key intermediate in 
the biodegradation of lignin, 3-methoxy-4-hydroxybcn20ate 
(vanillate), are described. The screening procedure for the 



FIG. 4. Polypeptides synthesized in E, cod from the Satl-Asull 
fragment and deleted derivatives. £. caU MM294 cultures containing 
both the pGPl-2 plasm id (T7 RNA polymerase expression plasmid) 
and the pT7-5 T7 *t>10 promoter pJasmid {into which various frag' 
meats of the van region had been inserted) were induced and labeled 
with [ 3i S)mcrhionine by (he protocol of Tabor and Richardson (27). 
The '^labeled polypeptides were separated by electrophoresis 
through a 10% polvacrylaimde gel containing 0*1% SDS for 3 h al 
309 V and visualized by autoradiography. The pT7-3 recombinant 
plasuiid* contained various parts of the van region. Lane 2„ No van 
insert; lane 3, Sall-Asull; lane 4. Sall-Hinclh lane 5, 5d/I-^ni; 
lane 6, BgM-Asull. All of these plasmids contained the van insert 
Oriented SO that it would be transcribed from left to right, as drawn 
In Fig. 3. Inverting the orientation of the Jafl-AruII fragment gave 
no expression (lane 7). Lanes 1 and 8 contained "C-labeled molec- 
ular weight markers (shown in thousands). 
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recombinant clones was based on the assumption that in 
Pseudomonas sp. (train ATCC 19151, as in other Pseudo- 
monas strains (1, 16, 23)„ vanillate is degraded via protocat- 
echuaie and that expression of the cloned genes would 
enable van mutants (defined as capable of growth on proto- 
catechuate but not on vanillate) to grow on vanillate. This 
assumption was strengthened by the fact thai the wild-type 
strain ATCC 19151 used In the study does not degrade 
compounds such as guiaicol and catechol, which are inter* 
mediates of the vanillate biodegradation pathway of other 
organisms (21). Moreover, ATCC 19151 does not grow on 
isovamHatc G^hydioxy-4-methoxybenzoic acid), veratrate 
(3-4-methoxybenzoic acid), or o- t m-, or p-anisates (2-, 3-, 
and 4-methoxybenzoic acids), which seems to indicate that 
the demethyiation is a very specific process. 

A recombinant clone able to complement six indepen- 
dently isolated van mutants was isolated and subcloned on a 
4.7-kb Pseudomonas DNA fragment. This DNA contains ail 
of the genes necessary for vanillate demcthytauon. as 
expression in Pseufomonas oleovorans GPOl (which natu- 
rally degrades protocatechuate) conveys to this strain the 
additional property of using vanillate as a carbon source 
(data not shown). The Intact clone also confers the ability to 
utilize vanillate on vtu (vanillate utilization) mutants of 
Pseudomonas aeruginosa PA02175 (from H. Matsumoto)- 
Curiously, deletion clones containing only vanA or vanB did 
not complement the mutants. It is probable thai interaction 
between the vanillate monooxygenase and its electron trans- 
port protein is highly specific and that one protein cannot be 
replaced by the equivalent protein from another species- 
Al tentatively, the mechanisms of vanillate degradation may 
differ between Pseudomonas sp. strain ATCC 19151 and P. 
aeruginosa. 

The genetic evidence, derived from deletion analysis and 
insertion in activation, suggests that two different van genes, 
vanA and vanB. are located in the left half of the fragment 
and that these are co transcribed from left to righL The 
presence of a secondary promoter for the vanB gene was 
suggested by the delayed complementation of the vanB 
mutants observed when the left-hand end of the cloned DNA 
was missing. A computer search for sequences similar to the 
Pseudomonas promoter consensus sequence (12) showed 
that one of them was in fact present 106 bp upstream of the 
vanB start codon (coordinates 1121 to 1142; QTGGC-ll 
nt-CTGCT). An in-depth study of the regulatory elements 
carried by the SaDrAsaU fragment will be published else- 
where*. 

The characterization of the vanA and vanB genes, as well 
as their direction of transcription, was confirmed by DNA 
sequence analysis, which showed two open reading frames 
in positions co rr e sp o n ding to those suggested by deletion 
analysis. The high G+C content of the third base of the 
codons confirmed the functionality of these open reading 
frames (4). 

The vanA and vanB genes were expressed in £. coli by 
using a strong promoter from phage T7_ In agreement with 
the nucleotide sequencing results, two polypeptides were 
visualized, corresponding in size to those predicted by the 
vanA and vanB open reading frames. These polypeptides 
could be correlated with the vanA and vanB open reading 
frames by deletion analysis. 

The identity of the gene products encoded by the vanA 
and vanB genes is not yet known. In Nocardia and Morax- 
ella spp., the monooxygenases active in the demethyiation 
of isovanOlale and guaiacol, respectively, are cytochrome 
P450s (7, 9* 28). On the contrary, the demethyiation of 


4-methoxybenzoate by Pseudomonas putida is carried out 
by an iron sulfur protein (3, 8). Comparison of the vanA and 
vanB protein sequences with those of all other recorded 
proteins indicates that vanB has similarity to many members 
of the ferredoxin family. The involvement of a ferredoxin in 
the vanillate demethylase reaction is quite possible. For 
example, fcrredoxin-roL. functions in the electron transport 
system of the toluene dioxygenase reaction (14). However, it 
is worth mentioning that the vanB gene product (33 kDa) is 
considerably larger than most ferredoxins, which typically 
have molecular weights between 8,000 and 15,000. Compar- 
ison of the vanA gene product with the protein bank failed to 
give any convincing similarities. Additional biochemical 
experiments will obviously be needed to obtain a better 
understanding of the mode of action of the vanA and vanB 
proteins. 
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